Abstract A high tricuspid regurgitant jet velocity (TRV) signifies a risk for or established pulmonary hypertension (PH), which is a serious complication in thalassemia patients. The underlying pathophysiology in thalassemia subgroups and potential biomarkers for early detection and monitoring are not well defined, in particular as they relate to spleen removal. To better understand some of these unresolved aspects, we examined 76 thalassemia patients (35 nontransfused), 25 splenectomized non-thalassemia patients (15 with hereditary spherocytosis), and 12 healthy controls. An elevated TRV (>2.5 m/s) was found in 25/76 (33 %) of the patients, confined to non-transfused or those with a late start of transfusions, including patients with hemoglobin H-constant spring, a finding not previously described. These non or latetransfused patients (76 % splenectomized) had significantly increased platelet activation (sCD40L), high platelet count, endothelial activation (endothelin-1), and hemolysis (LDH, plasma-free Hb), while hypercoagulable and inflammatory markers were not significantly increased. The same markers were increased in the seven patients with confirmed PH on cardiac catheterization, suggesting their possible role for screening patients at risk for PH. A combination of hemolysis and absence of spleen is necessary for developing a high TRV, as neither chronic hemolysis in the non-splenectomized thalassemia patients nor splenectomy without hemolysis, in the non-thalassemia patients, resulted in an increase in TRV.
Introduction
The surgical removal of spleen aimed to ameliorate the clinical course and transfusion needs in thalassemia was noted to predispose thalassemia patients, mostly thalassemia intermedia (TI), to increased pressure in the pulmonary arterial circulation, which can progress to clinically significant pulmonary hypertension (PH) [1] [2] [3] [4] . Although recent advances in understanding some risk factors leading to increase in TRV, a proxy for PH, was made [5, 6] ; the specific pathophysiology of PH in thalassemia, in particular as it relates to prior spelenectomy, has not been extensively studied. The pathophysiology has been generally attributed to the same processes causing PH in sickle cell disease (SCD). Though overlapping mechanisms of hemolysis, hypercoagulable state, and oxidative stress are considered to contribute to the development of the condition in both disorders, these are distinct diseases and the relative contribution of each underlying mechanism is likely different. While hemolysis induced vascular endothelial dysfunction is a central concept in PH in SCD, a multifactorial pathogenesis, related to a hypercoagulable state and abnormal circulating red blood cells (RBCs), has been proposed for thalassemia. Considerable data suggests ongoing prothrombotic activity in TI, especially in those splenectomized, who are at a higher risk for primarily venous thrombotic events [7, 5, [8] [9] [10] [11] . Whether PH is another manifestation of the thrombotic process caused by a common underlying pathogenesis is less well established.
The frequency of an elevated TRV, in the various clinical types of thalassemia; transfusion dependent; non-transfused, or partially transfused; and splenectomized or not, differs in the available studies: Aessopos et al. noted PH to be very rare among transfused TM patients [12] ; while others have shown a rate of 10-37 % among the transfused patients. However, these reports were limited by inconsistency in the selection of patients who were screened for their studies: Some had a low pretransfusion Hb [13, 14] , in others, the age of start of transfusions was unavailable, and variable TRV thresholds were used for screening [14, 15, 2, [16] [17] [18] . Moreover, the existence of high TRV in severe forms of α-thalassemia, in particular Hb Hconstant spring (H-CS) has not been examined.
In the present study, we aimed to determine the frequency of an elevated TRV and explore the causative factors among thalassemia patients' subgroups in comparison to other pertinent patient groups, concentrating on the role of absence of spleen. Such characterizations of significant risk factors and biomarkers could broaden the ability to develop better clinical guidelines for screening thalassemia patients at-risk for PH as well as advance further study for therapeutic strategies.
Patients and methods

Study population and TRV assessment
The study was approved by the institutional review board. All eligible patients ≥10 years old with a diagnosis of β-thalassemia major (TM), β-thalassemia intermedia, and α thalassemia hemoglobin H-constant spring (H-CS) who are followed at our center were approached and offered participation in the study. Interested subjects with hereditary spherocytosis (HS) and subjects without a red blood cell disorder who were splenectomized for other indications (e.g., trauma and immune thrombocytopenia) were also recruited. Healthy controls (age 20-35 years old) were enrolled for comparisons of biomarkers only. For the purpose of analysis throughout the paper, TM includes patients with β 0 thalassemia and E/β 0 thalassemia on regular transfusions including a subgroup of patients (n=10) who started transfusion in their second or third decade of life. TI includes nontransfused patients with various β mutations, E/β-thalassemia, and Hb H-CS.
All subjects underwent a standard M-mode measurement, 2-dimensional, and Doppler echocardiogram (Sonos 5500; Hewlett Packard, Palo Alto, CA). When a TRV was present, the peak systolic right ventricular to right atrial pressure gradient and estimate pulmonary artery (PA) pressure was calculated. A TRV>2.5 m/s (corresponding to a pulmonary artery systolic pressure >35 mmHg) was used as a proxy for patients at risk for PH, with a sensitivity and specificity of 83 and 72 %, respectively [19] . A TRV that equals 2.5 m/s was considered normal, since it could represent variability or the upper limit of normal [20] .
Platelet activation, coagulation, hemolytic, and vascular markers Serum P-selectin, soluble CD40 Ligand (sCD40L), thrombinanti thrombin TAT, F1.2, and D-dimers were measured using commercial ELISA Kits: sP-selectin (R&D Systems; Minneapolis, MN); sCD40L (BenderMed Systems; Vienna, Austria) TAT, F1+2 (Siemens-Dade Behring; Munich, Germany), and D-dimers (American Diagnostica; Stamford, CT, USA). Cellfree hemoglobin, measured with an improved cyanohemoglobin method (BioAssay Systems, Hayward, CA). Nitric oxide (NOx), was purged from a solution and detected by chemiluminescence (NOA 280, Sievers Intruments Inc. Boulder CO). Red cell membrane expression of phosphatidylserine (PS) was determined by annexin V labeling [21] .
Brain natriuretic peptide (BNP) was assayed using fluorescence immunoassay (Biosite Diagnostic, San Diego, CA). Endothelin-1 (ET-1) was detected as immunoreactive ET-1 with antibodies from Peninsula Labs (Belmont, CA). Serum platelet endothelial cell adhesion molecule-1 (sPECAM-1); IL-2, 4, 6, 8, and 10; and INF-γ and the adhesion molecules vascular endothelial growth factor (VEGF), soluble intercellular adhesion molecule-1 and soluble intercellular adhesion molecule-3 (sICAM1, sICAM 3), soluble vascular cell adhesion molecule-1 (sVCAM-1), and sE-selectin were determined by flowcytomix, Bender MedSystems (Vienna, Austria).
Statistical analysis
Statistical analysis was performed using SAS version 9.3 (SAS Institute Inc., Cary NC). To determine the association of biomarkers with TRV levels, frequency distributions for categorical data, and means and standard deviations for continuous data were calculated for each subgroup being compared: splenectomized or not, transfused or not, and TRV > or <2.5 m/s. Pearson correlations were used to explore the relationship of individual biomarkers with TRV within the different subgroups. Bivariate analyses compared the independent variables between the TRV groups (≤2.5 vs >2.5). ANOVA models, with Tukey's adjustment for significant group effect, were constructed to compare each of the biomarkers between the patients' subgroups. Logistic regression models were used to examine the associations of each of the biomarkers with the binary outcome of occurrence of abnormal TRV. Based on the bivariate comparisons, we considered the biomarkers which were significant at the 0.15 level for entry into the multivariate model. We examined the effect of splenectomy on TRV after adjusting for age in the models. A significance level of 0.05 was used for all statistical tests.
Results
Subject characteristics and Doppler echocardiography (TRV) results
After informed consent was obtained, 101 patients and 12 healthy controls were enrolled: Seventy-six patients with thalassemia, 15 with hereditary spherocytosis, and 10 splenectomized subjects without a red cell disorder. An elevated TRV (>2.5 m/s) was found in 25/76 (32.8 %) thalassemia patients (mean, 2.91±0.4; range 2.6-4.36 m/s). Of the 25 patients, 16 (64 %) had TI and were not regularly transfused, 4 had Hb H-CS, and 5 had TI at a younger age but transitioned to receive regular transfusions later in life, in two of them due to the diagnosis of PH (Table 1) . TRV was normal or undetected in the 36 TM patients who have been on regular transfusions since early childhood, and in the HS and healthy splenectomized patients. Seven patients with a TRV>3.0 m/s on echocardiogram and/or clinical complains suggestive of PHT underwent cardiac catheterization which confirmed PH in all of them (mean TRV 3.5±0.4; mean pulmonary artery pressure 60±14 mmHg).
Three of the TI patients with an elevated TRV had a prior thrombotic event, consisting of a post-splenectomy portal vein thrombosis, a DVT, and a cardiac thrombus. Five thalassemia patients (two with TM, three with TI) expired during the study period. Three of these five patients had an increased TRV of >2.6 m/s.
Hematologic markers for platelets, coagulation, and hemolysis Platelet count was elevated in TI and Hb H-CS patients, while normal in those with TM and only mildly elevated in patients with HS. Platelet activation marker, sCD40L, was elevated in the same thalassemia patient-groups while only mildly elevated in TM and HS patients and normal in the healthy splenectomized and normal control groups. P-selectin levels did not significantly differ between the four groups of patients (TM, TI, Hb H-CS, HS) but were lower in healthy splenectomized patients and in the normal controls (Table 2 ). sCD40L and P-selectin correlated with each other (p=0.03; r=0.4). TAT levels were higher in patients with TI, Hb H-CS 19 (9) 17 (9) 14 (5) 26 (12) 12 ( TM thalassemia major; includes patients with β 0 thalassemia and E/β 0 thalassemia, transfused every 3 weeks with mean pre-transfusion Hb 10.3 g/dL; TI thalassemia intermedia; includes patients with β-thalassemia intermedia; H-CS hemoglobin H constant-spring who are non-transfused; Splenectomy Healthy individuals with history of splenectomy for non-RBC causes (trauma or chronic ITP) a Ten of these patients have been diagnosed with TI in childhood and transitioned to regular transfusions in the second or third decade of life compared to those in other groups. PS expression on RBCs was overall low but higher among patients with TI and H-CS. There was no correlation of PS surface exposure, known to exert procoagulant effects, with the coagulation markers TAT, F1.2, and D-dimers. F1.2 and D-dimers were determined in a total of 60 patients (13 with an increased TRV). Results were mostly within the normal range (mean 133±73 pmol/L and 175±130 ng/ml, respectively) and therefore not performed for the rest of the patients.
Increased hemolysis and a more severe anemia was noted in subjects with TI, HbH-CS as indicated by increased plasma-free Hb (PFH), bilirubin, and LDH levels and by low plasma NOx concentration. PFH correlated with LDH (r=0.4; p=0.05) and bilirubin inversely correlated with total Hb level (r=−0.7; p=0.001). (Table 2 and Fig. 1 ).
Endothelial activation, adhesion markers, and BNP expression ET-1 was significantly higher in TI and HbH-CS patients compared to TM patients and the other subgroups and controls. Though highly variable, plasma soluble adhesion molecule sPECAM-1, but not sVCAM-1, had a trend towards a higher concentration in patients with TI. The other plasma cytokines and adhesion molecules were highly variable, had no association to TRV, and were not included in this analysis. BNP was within the normal range, but higher levels in thalassemia patients compared to the other subgroups were noted (Table 2 ).
Hematologic and vascular markers association with an elevated TRV We investigated the relationship of the above markers with TRV. Platelet count was significantly higher in those with a TRV>2.5 compared to patients with a TRV≤2.5 (p=0.02). Though P-selectin and sCD40L correlated with each other, only sCD40L showed a correlation with the presence of increased TRV (p=0.05). There was no correlation of these two platelet activation markers with platelet count. Coagulation markers TAT or F1.2 and RBC PS expression were not associated with an increased TRV in our patient cohort. sPECAM-1 was significantly higher in patients with an increase in TRV (Table 3) , possibly representing its expression on platelets, and platelets-endothelial interaction. Those with an increase in TRV had significantly higher markers of hemolysis than patients with a normal TRV; lower Hb and high PFH and LDH with an inverse correlation between PFH and NOx (r=−0.67; p=0.001. These markers were increased to the same range in seven patients with a TRV>2.9 m/s who had confirmed PH on cardiac catheterization (Table 3) .
When all potential variables were included in multivariate analysis, LDH (p<0.01) and platelet count (p<0.02) remained When all non-transfused patients' age and time since splenectomy were correlated to TRV, the correlations were not significant (r=0.214 and 0.42, respectively). However, when assessed by presence or absence of an elevated TRV, the time interval since splenectomy was longer in the ones with an elevated TRV: 24.7±4 vs 11.4±3 years (p=0.03). Moreover, the highest TRVs (>2.9 m/s) were measured in patients with a longer period after splenectomy; 33.8±19 years compared to 18.6±8 years in patients with a TRV of 2.6-2.9 m/s (p=0.02). There was no significant interaction between patients' age and time interval since splenectomy, as it affects TRV, implying that the effects of prolonged absence of spleen on TRV is independent from age. Logistic regression models applied to all the thalassemia study patients showed that a patient who underwent a splenectomy was significantly more likely to have elevated TRV (OR 4.22; 95 % CI 1.26-14.14).
The association of splenectomy and the various biomarkers was evaluated in the non-transfused thalassemia patients (TI and Hb H-CS): Platelet count, markers of platelet activation (primarily sCD40L), and bilirubin were significantly higher in the splenectomized subjects. In contrast to previous data, RBC PS exposure was lower in the splenectomized patients (Table 4) . We examined the distinct role of platelet activation in the presence of hemolysis in the setting of absence of spleen; Platelet activation markers were higher in the Fig. 1 Platelet properties and hemolysis vary by patients' subgroup. Platelets were higher in non-transfused thalassemia patients (TI and Hb H-CS) in comparison to other subgroups (p=0.007) (a) and showed increase in platelet activation marker sCD40L (p=0.04) (b) but not P-selectin (0.06) (c). Hemolysis as indicated by PFH and LDH, was increased mostly in non-transfused thalassemia patients (p<0.01; <0.01) (d,e). Hollow symbols in TI and Hb H-CS groups represent splenectomized patients; bars represent the average splenectomized thalassemia group which had increased hemolysis, compared to the other splenectomized groups, HS and healthy patients, who had minimal or no hemolysis: sCD40L 4.7±1.2 in thalassemia patients and 1.6±0.4 and 0.8±0.1 in the other subgroups, respectively (p=0.003). Pselectin had a similar trend in the three groups, though not statistically significant: 34.1±3.1; 31.8±3.3, and 23.4±3.4 (p=0.08). There was a significant difference in the frequency of an elevated TRV and increase in adhesion biomarkers in the thalassemia group (Table 4) .
Beyond the expected effect of regular transfusions on the anemia, it lowered hemolytic markers (PFH, LDH, and NOx), while the effect on platelet count and platelet activation markers was less significant, though sCD40L levels trended down. Transfused patients had significantly higher serum ferritin levels and lower left ventricular ejection fraction (LVEF) ( Table 5 ).
Discussion
Our data more clearly define patients at risk for developing an increase in TRV, highlighting potential pathophysiologic mechanisms. Though increase in TRV and Doppler defined PH has some limitations in the context of hematologic diseases [20] , there is a strong predictive value and a general good correlation to right heart catheterization [19, 18] . A third (25/76) of thalassemia patients had an elevated TRV, with a higher prevalence in non-transfused patients (TI and Hb H-CS), noted in 20/35 (57 %), a similar rate to a previous report [6] . In seven out of the 25 (28 %) patients with an elevated TRV, PH was confirmed by cardiac catheterization. We have identified splenectomized patients with Hb H-CS as a group with a high risk for developing PH, 50 % of them had an elevated TRV (mean TRV 3.23 m/s), a finding that to the best of our knowledge has not been previously recognized. Splenectomy is sometimes performed in order to treat the anemia in these patients [22] , and a special attention to early screening with echocardiogram should be thought.
Our data showed a clear beneficial effect of transfusions; there were no cases of increase in TRV in the regularly transfused TM patients and an overall prevalence of 12 % when patients who started transfusions in the second or third decade of life were included. This contradicts previous studies of a higher rate among transfused patients; however, the transfusion schedule and Hb threshold varied in these reports [14, 15, 2, 16, 17] .
The commencement of scheduled transfusions resulted in normalization of TRV in two adult patients as also observed in a previous case report [23] . However, in other three patients, transfusions have not reversed the increased TRV, suggesting the development of irreversible vasculature changes in the lung tissue [24] , when instituted at later stages of evolving PH. The frequency and level of Hb required to prevent the pathophysiological changes resulting in an increase of TRV in TI patients who are not regularly transfused has not been studied. Prior splenectomy does not abate the beneficial effect of transfusions; 55 % of our cohort of regularly transfused patients was splenectomized. The beneficial effect of transfusions seems mostly through reducing hemolysis and to a lesser extent minimizing platelet activation. Transfusions reduce effective and ineffective hematopoiesis, consequently lowering platelets and abnormal RBCs circulation. This possibly results in decreased platelet adhesion which was shown to be induced by both thalassemia platelets and by thalassemia RBC [25] . Despite adequate blood transfusion, as demonstrated by a mean pre-transfusion Hb of 10.3 g/dL, transfusions did not ns not significant a indicates results in seven patients (mean age 43±18 years) with a TRV> 2.9 (mean 3.5±0.4). These patients underwent cardiac catheterization confirming PH. Of these patients, 6/7 were splenectomized for an average of 33.8±19 years totally normalize the biomarkers to the levels observed in the normal control group (Tables 2 and 5 ). Our data does not implicate a strong association of elevated TRV with a hypercoagulable state. Clinically, only three individuals (12 %) of our patient population with an increase in TRV had prior thrombotic events, a lower rate than previously reported [4, 8] . Laboratory tests showed only a modest increase in thrombin generation as indicated by TAT in splenectomized TI patients, and no increase F1.2 and Ddimers. Abnormal expression of negatively charged phospholipids, mostly phosphatidylserine (PS) triggering a prothrombotic state, is thought to be a main cause of the hypercoagulable state in thalassemia intermedia [5] , but an association with PH was not analyzed. We did not find an association of RBC PS expression with TAT or with TRV. Still, PS RBC membrane externalization was higher in nontransfused thalassemia patients (62 % splenectomized) than in t h e o t h e r s u b g r o u p s . O t h e r m e t h o d s s u c h a s thromboelastometry on whole blood may yield more accurate measurements of thrombin generation in this patient population [11] , and a correlation with TRV could be determined. Similarly, determination of RBC microparticles, found to be elevated in TI [26] , may show an association with thrombotic markers and possibly with an increase in TRV. These methods were not utilized in our study.
Platelet count was overall higher in non-transfused splenectomized thalassemia patients, and associated with an increase in TRV, as opposed to the non-thalassemia splenectomized ones. A threshold risk of platelet count over 500K×10 9 /L was noted as also recently suggested [8] . Beyond the thrombocytosis, we have shown that increased platelet activation is present in this thalassemia patients and it is associated with the severity of TRV. Heightened platelet activation has been described in patients with thalassemia [27, 5, 28] , though the mechanism is not fully understood. It was attributed to the accelerated thrombin generation through abnormal RBCs PS expression which in turn, triggers platelet activation [29, 30] . However, there is limited data demonstrating such a correlation of abnormal RBCs with platelet activation; one study examined the association of P-selectin with PS ns not significant exposure, however, it was examined on RBCs of transfused patients [30] . Additional presumed mechanisms, include increased platelet adhesion in association with a high platelet count, shown in splenectomized thalassemia patients [31] and platelets exposure to oxidative stress which causes their activation [31, 32] . Our data found sPECAM-1, which has a role in platelet activation and adhesion signaling, to be higher among the TI patients [33, 34] , suggesting increased platelet adhesion having a role in the development of pulmonary vasculopathy. Platelet microparticles, elevated in thalassemia patients [35] , have a significantly higher procoagulant activity than platelets [36] but were not analyzed in the context of PH or thrombotic events. Further study on the mechanisms of post-splenectomy platelet effect on the development of increased pulmonary vasculature pressure and RBCs-platelets interaction is warranted.
We have demonstrated increased hemolysis in thalassemia patients with a high TRV as indicated by an increased plasmafree Hb and LDH, the latter also correlated with the extent of TRV (Table 3) . Increased hemolysis resulted in nitric oxide scavenging by free hemoglobin, as seen by the inverse correlation between PFH and NOx in patients with a TRV>2.5 m/s (r=−0.67; p=0.001). However, NOx was not significantly different among TI patients with or without an increase in TRV. NO (Nitric Oxide) consumption, reduced bioavailability, and consequent impaired blood flow may play a lesser role in the pathophysiology of pulmonary vasculopathy in thalassemia compared to SCD, where PH is thought to be largely derived from such mechanism, though somewhat controversial [37, 38] . Alternatively, plasma-free hemoglobin may act through alternative mechanisms such as a pro-oxidant and a trigger of pulmonary vasculature endothelial cell injury and in the initiation of platelet activation and aggregation [39] [40] [41] , possibly contributing to the pulmonary vascular changes in splenectomized TI patients.
In contrast to SCD, our data did not show vascular injury in patients with a higher TRV as marked by endothelial cell adhesion molecules; sVCAM-1, sICAM, sE-selectin, or inflammatory cytokins. ET-1, a potent vasoconstrictor produced by vascular endothelial and smooth muscle cells, was higher in the non-transfused thalassemia patients and is known to have a role in the development of pulmonary vascular dysfunction and PH [42, 43] . Further study of its value in treating and monitoring TRV in thalassemia is needed, in particular since treatment with ET-1 antagonists has shown benefit in patients with PH and an improvement was noted in a reported case of a thalassemia patient with PH [44] . BNP, a sensitive marker for PH and high right ventricle strain, though showing only a modest increase, was the highest in non-transfused TI patients. It may prove beneficial in guiding clinical decision and gauge response to treatment if validated in larger studies.
Taken together, we explored the selective role of absence of spleen in clinical settings with or without chronic hemolysis as it affects the above causative factors for an elevated TRV: Hemolysis in non-transfused thalassemia patients that have an intact spleen does not result in an increase in TRV despite similar or higher markers of hemolysis than those measured in splenectomized TI patients. It is the combination of both hemolysis and increase in platelet number and activation in the setting of absence of spleen, which seems to lead to an increase in TRV and overt PH. Absence of spleen without these two elements, as seen in HS and in healthy splenectomized individuals does not lead to an increase in TRV. HS patients had a longer time period of absence of spleen (mean 26±12 vs 17±9 years in TI patients), and none has developed an increase in TRV, in agreement with the findings of Crary et al. [45] ; Moreover, the risk for developing a high TRV increases over time after splenectomy in TI patients. We suggest a major role to thrombocytosis, coupled with platelet activation and platelet-endothelial adhesion in the development of a pulmonary vasculopathy in splenectomized TI patients. Therefore, measuring sCD40L, P-selectin, and sPECAM-1 may prove to be useful in assessing the risk of developing PH in these patients. Plasma sCD40L, in particular, was shown to correlate with platelet activation and have a role in the interaction of platelets and endothelial cells in causing PH in other conditions [46] [47] [48] .
In conclusion, a pathogenetic model could be proposed, in which ongoing hemolysis is not sufficient for triggering an increase in TRV unless a "second hit" of spleen removal with a consequent further thrombocytosis and platelet activation occurs. The interactions of platelets, circulating damaged RBCs, free hemoglobin, and blood cells-derived microparticles subsequent to spelnectomy in the pathophysiology of PH, have not been adequately resolved. Thrombocytosis (>500×10 9 / L), elevated sCD40L and increased LDH, and possibly sPECAM-1 and ET-1 are markers suggestive of an increased risk for developing PH, while activation of the coagulation system and inflammatory changes do not seem to play a significant role in our findings. These same markers proved to be elevated in the group with established PH suggesting their validity as indicators for risk for PH. Treatment with an anti-platelet agent or reducing platelet count with hydroxyurea are reasonable approaches in all splenectomized nontransfused TI patients [49] . However, more interventional study could result in multimodal treatment, tailored to the processes identified to be the most contributory in a given individual.
